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 
Abstract— In this work, we propose a novel type of 3D-printed 
soft pneumatic actuator that allows geometry-based 
customization of bending modalities. While motion in the 3D-
space has been achieved for several types of soft actuators, only 
2D-bending has been previously modelled and characterized 
within the scope of 3D-printed soft pneumatic actuators. We 
developed the first type of 3D-printed soft pneumatic actuator 
which, by means of the unique feature of customizable cubes at 
an angle with the longitudinal axis of the structure, is capable of 
helical motion. Thus, we characterize its mechanical behavior 
and formulate mathematical and FEA models to validate the 
experimental results. Variation to the pattern of the inclination 
angle along the actuator is then demonstrated to allow for 
complex 3D-bending modalities and the main applications in the 
fields of object manipulation and wearable robotics are finally 
discussed. 
 
Index Terms— Grippers and Other End-Effectors; 
Hydraulic/Pneumatic Actuators; Rehabilitation Robotics 
 
I. INTRODUCTION 
dvances in material science have led to a myriad of 
structures and principles that made soft robotics 
actuators capable of several types of motion. Shape 
memory alloy (SMA) and shape memory polymer (SMP) 
actuators, which are activated by thermal or electrical stimuli, 
can create complex geometries including 3D-bending and 
helical motion [1], but their performance is limited due to a 
narrow range of usable strain, a low actuation frequency, and a 
relatively low controllability, accuracy, and energy efficiency 
[2]. Dielectric elastomer actuators (DEA) are a different class 
of actuators based on electroactive polymers, which are 
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typically sandwiched between two electrodes and deform 
mechanically upon variations of the electric field [3]. While 
they are mostly restricted to 2D-bending [4], the improved 
single-body dielectric elastomer actuators (SDEA) can also 
perform more complex movements such as helical motion [5]. 
However, manual fabrication prevents miniaturization of the 
devices and is time-consuming with limited reproducibility 
[6]. Furthermore, the high voltage required for operation 
precludes them from medical applications in wearable robotics 
[7].  
Within the scope of soft pneumatic actuators (SPA), 
although most research has been focusing on extension [8], 
compression [9] [10], and bending actuators [11], twisting 
[12] and helical motion [13] pneumatic actuators have been 
only marginally investigated. Fiber-reinforced actuators are a 
particular type of silicon-based SPAs which are capable of 
achieving a multiplicity of motion types, including bending, 
extension, and twisting, by simply varying the geometry of the 
fiber reinforcements of the elastomeric matrix, which 
effectively programs the motion of the actuator [14] [15]. Due 
to the variety of motion types, the low cost, their compliance 
and flexibility, and their relatively high force output, fiber-
reinforced actuators and other types of SPAs have been 
broadly developed. Furthermore, due the compatibility of the 
force output with most joints in the human body, these 
actuators have been widely utilized for human rehabilitation 
purposes. However, manufacturing fiber-reinforced actuators 
involves numerous steps, it is hugely dependent on the user’s 
skills, and is considerably time- and resource-intensive. 
Rapid prototyping, customizable design, and single-step 
fabrication of complex structures at high resolutions are the 
main advantages of 3D-printing of flexible materials [16] over 
manual fabrication of elastomeric material via mold-casting. 
Actuators made of flexible materials using 3D-printers based 
on fused deposition modelling (FDM) technology have been 
made capable of performing extension and bending motion 
and achieving high force output [17] [18]. Although 
combination of 3D-printing of flexible materials such as 
NinjaFlex with other materials (e.g. fabric) has broadened the 
attainable range of motion by allowing heterogeneous bending 
trajectories [19], the motion of such actuators is still limited to 
a planar bending profile. Nevertheless, the potentials of 3D-
printed actuators to perform helical motion have been recently 
demonstrated [18]. However, the actuator that was developed 
remained wanting in characterization of the kinematics in the 
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3D-space due to the undesired bending of the proximal end of 
the structure. 
This study proposes a novel design for 3D-printed SPAs 
which features customizable cubes at an angle with the 
longitudinal axis of the actuator. Variation of such angle and 
of the frontal and back surface areas of customizable cubes 
results in several types of 3D-bending modalities. We 
therefore fully characterize the mechanical behavior of the 
developed actuator in the 2D- and 3D-space and demonstrate 
the flexibility of the design for a number of other 3D-bending 
modalities. It follows investigation of possible applications in 
the fields of object manipulation and soft wearable devices for 
rehabilitation. Particularly, we demonstrate that, for closely 
conforming to the path of the thumb joint, the helical motion 
achieved by our proposed actuator could aid in rehabilitation 
of the thumb allowing for opposition. This constitutes an 
important contribution to 3D-printed soft wearable devices for 
hand rehabilitation, which are currently restricted to mere 
extension and flexion of the digits by means of 2D-bending 
actuators. 
 
II. MATERIALS AND METHODS 
A. Design and fabrication 
As illustrated in Fig. 1(a-b), our proposed 3D-printed SPA 
consists of customizable cubes which form an angle with the 
strain limiting layer of the bottom aspect of the actuator. The 
air channel shown in Fig. 1(c) passes from the inlet to the 
cubes through hollow segments at the base running between 
the two opposing faces of each pair of adjacent cubes. Unlike 
other comparable designs exploiting the fold-based actuation 
mechanism [18], the unique feature of the inclination angle 
between the anterior or posterior faces of each cube and the 
frontal axis allows, when air pressure is applied, not only for 
bending on the longitudinal plane, but also on the frontal 
plane. This results into a 3D-bending, or helical, profile. It 
should be noted that the term twisting is unbecoming in this 
context in that the longitudinal axis of the resulting helix is not 
coincident with that of the actuator. As explained in the 
sections below, the inclination angle of the cubes and the 
surface area of the frontal and back faces are the main features 
upon which the motion of the actuator is dependent. 
The actuators were designed using CAD software (Dassault 
System SOLIDWORKS Corp, MA) and the model files 
imported to a free open-source software, Cura (Ultimaker 
B.V., Geldermalsen, Netherlands) to control the printing 
parameters, and generate the G-code for the LulzBot TAZ 6 
(Aleph Objects Inc, CO) printer. The printing material used 
was thermoplastic elastomer filament NinjaFlex (NinjaTek, 
PA), and the actuators were printed sideways to simplify the 
printing process by minimizing overhang and thus reduce the 
risk of air leakage upon pressurization [17]. 
B. Material characterization methods 
In order to derive the constitutive equation of the stress-
strain response of Ninjaflex, uniaxial tensile testing was 
conducted on five standard 3D-printed dog-bone-shaped 
specimens (ISO 7743) made of Ninjaflex using an Instron 
(model 3345) single column table-top electromechanical 
tester. The operational range of the curve, which was set to be 
from 0-100% strain, was fitted (R2 = 0.9994 ± 0.0007) using 
the 3rd order Yeoh model in (1) [20] [21]. Fitting outside the 
operational range would result in a less accurate estimate of 
the Yeoh coefficients: for instance, fitting to 0-500% strain 
would yield R2 = 0.9729 ± 0.0034.  
         𝜎 =  ∑ 2 ∗ 𝐶𝑖 ∗ 𝑖 ∗ (𝜆 − 𝜆
−2) ∗ (𝐼1 − 3)
𝑖−3𝑁=3
𝑖=1 ,        (1) 
where σ and λ are the engineering stress (MPa) and stretch 
ratio respectively, I1 is the first deviatoric strain invariant, and 
C1-3 are the material-specific coefficients. 
 
C. Experimental methods 
The kinematics of the actuator was characterized using 
Vicon MX system (Oxford Metrics, UK), a high accuracy 
optical tracking system [22] [23] widely utilized for gait 
analysis purposes [24] [25] or other robotic applications [26]. 
By securing small and lightweight retroreflective markers on 
the superior surface of four of the customizable cubes, the 
position of the actuator could be recorded. Each of the 
actuators was then clamped using a retort stand ensuring that 
the motion of the actuator on the x-y plane would trace a circle 
as illustrated in Fig. 2(a-b). Hence, a circle was fitted through 
the position of the markers, and the mean radial percentage 
error was calculated for each measurement as in (2): 
      𝜀 =  
∑ |𝑅𝑖−𝑅𝑓𝑖𝑡|
𝑁
𝑖=1
𝑁
∗
100
𝑅𝑓𝑖𝑡
% ,         (2) 
where Ri  and Rfit are the experimental radii at each point and 
the fitted radius respectively, and N is the number of markers 
used. Therefore, each trial was considered successful if the 
maximum error did not exceed 5% of the radius and the 
average error did not exceed 2.5%.  
Eighteen readings were taken under static conditions from 
0kPa to 340kPa in steps of 20kPa and each trial was repeated 
three times. The angular displacement of the two ends of the 
actuator and the bending radius, or that of the helix, could 
therefore be calculated. 
Figure 1. (a) Isometric, (b) top, and (c) longitudinal cut view of an 8-cube 
actuator with inclination angle α = 45ᵒ and dimensions (17.9 x 1.3 x 2.0) cm. 
Figure 2. (a) Lateral and (b) bottom view of experimental setup, with internal 
radius and angular displacement labelled. 
The force applied by the actuator was characterized via 
blocked force measurements. The test was performed placing 
a force sensitive resistor (FSR) on the inferior aspect of the 
actuator, whose motion was entirely constrained by plastic 
plates on the lateral and superior sides of the structure, and 
continuously increasing the pressure from 0kPa to 300kPa. 
Each measurement was repeated three times for averaging. 
III. MODELLING 
 The 2D- and 3D-bending capabilities of the developed 
actuators were investigated by means of mathematical and 
FEA modelling. These models were used for validation of the 
experimental results as outlined in the sections below. 
A. 2D-bending 
If the customizable cubes are aligned with the longitudinal 
axis of the actuator, bending of the base segments connecting 
adjacent cubes upon pressurization causes planar bending of 
the actuator. Indeed, as shown in Fig. 3, bending of each 
segment occurs along the perpendicular direction to the front 
and back faces of each customizable cube. Each of these faces 
can be modelled as a rectangular plate with all edges fixed and 
a uniformly distributed load, whose maximum deflection and 
stresses can be calculated using 3(a-c) [27] [28] [29] [30]: 
         𝑦𝑚𝑎𝑥 =
𝛼𝑞𝑏4
𝐸𝑡3
 ,           (3.a) 
      𝜎 =  
𝛽2𝑞𝑏
2
𝑡2
  (𝑎𝑡 𝑐𝑒𝑛𝑡𝑟𝑒),       (3.b) 
           𝜎 =
−𝛽1𝑞𝑏
2
𝑡2
 (𝑎𝑡 𝑐𝑒𝑛𝑡𝑟𝑒 𝑜𝑓 𝑙𝑜𝑛𝑔 𝑒𝑑𝑔𝑒),   (3.c)  
where q is the pressure applied, b and t are the smaller side 
and the thickness of the plate respectively, E is the Young’s 
Modulus, and α and β are coefficients that vary with the ratio 
of the length of the two sides of the plate. Given a measure of 
the stress, an estimate of the Young’s Modulus as a function 
of pressure could be obtained from the Yeoh model. Assuming 
the stress distribution on each face to be radial due to the 
symmetry of the boundaries, the mean deflection across the 
frontal cross-section can be calculated from the mean value 
theorem. Finally, assuming that the front and back faces of 
each cube remain perpendicular to the Neutral Axis, the 
bending angle can be calculated for N customizable cubes as 
in (4):                            
           𝜗𝑏𝑒𝑛𝑑𝑖𝑛𝑔 = 2 ∗ (𝑁 − 1) ∗ arctan (
𝑦𝑚𝑒𝑎𝑛
𝑑𝑁𝐴
),                
(4) where dNA is the distance between the point of maximum 
deformation and the Neutral Axis. 
B. Helical motion 
If the direction of the normal to the front and back faces of 
the customizable cubes is not that of the longitudinal axis of 
the actuator, the bending profile is that of a helix. A similar 
model of a uniformly loaded plate as that previously outlined 
can be used to expound the helical motion of these actuators. 
However, in this case, the edge of the plate that forms an 
obtuse angle between the lateral and front (or back) faces of 
each customizable cube, is no longer a valid boundary as it is 
subjected to non-zero deflection. Instead, for undergoing zero 
deflection, the intersection of such edge with the walls of the 
internal channel can be considered the new boundary of the 
plate. The other three boundaries, namely the top and bottom 
edges, and the lateral edge on the side of the acute angle 
remain unaltered. Due to the asymmetry of the boundaries, the 
stress distribution is skewed towards the edge on the side of 
the obtuse angle. Therefore, assuming that the angle between 
the new axis of the deflection profile and the vertical is the 
same as the angle at which the plate is inclined, the maximum 
deflection can be approximated for any inclination angle αincl 
as in (5), and the angular displacement computed using the 
mean value theorem similarly to the 2D-bending case. 
       𝑦max =
𝛼𝑞𝑏4
𝐸𝑡3 cos (𝛼𝑖𝑛𝑐𝑙)
 .           (5) 
Finally, the bending radius or the inner radius of the helix 
can be calculated given that the circumference described is the 
projection of the actuator of length 𝑙 onto the plane 
perpendicular to the axis of the helix, yielding the result in (6): 
      𝑟(𝑝, 𝛼) =
360
𝜃(𝑝,𝛼)
∗
𝑙
2𝜋
cos 𝛼,             (6) 
where 𝜃 is the bending angle or angular displacement, and p 
and α are the actuation pressure and the inclination angle 
respectively. In the particular case when α = 0, (6) gives the 
bending radius of a simple 2D-bending profile. 
C. Finite Element Modelling 
The kinematic behavior of the actuators was further 
investigated with Finite Element Modelling using 
ABAQUS/CAE (Simulia, Dassault Systemes, RI). Pneumatic 
pressure (p = 340kPa) was applied to all the internal surfaces 
of the actuators. The hyperelastic behavior of the material was 
modelled using the Yeoh coefficients obtained as described 
above. All the actuators were meshed using solid tetrahedral 
quadratic hybrid elements, and the boundary conditions of a 
built-in beam were applied to the proximal end.  
Fig. 4(a-c) illustrates the change in the stress and deflection 
distribution profiles of the frontal surface of each 
customizable cube for changes of the inclination angle. In 
accordance with the physical model, the maximum stress and 
the maximum deflection increase with α, and the profile is 
skewed towards the obtuse angle. Fig. 4(d) demonstrates that, 
for actuators capable of helical motion, the deflection is not 
zero at the edge forming the obtuse angle, but it is at the 
intersection with the walls of the internal channel, which 
further validates the plate theory and the assumptions used in 
the physical model. Finally, Fig. 4(e-f) shows the bending and 
helical deformation profiles for α = 0ᵒ and 45ᵒ at different 
actuation pressure values. 
Figure 3. Bending of a single cube from pressurization of the internal 
channel. 
 IV. CHARACTERIZATION 
 The mechanical behavior of the actuators was investigated 
varying different geometrical parameters, namely the 
inclination angle and the width of the front and back faces of 
the cubes. The angular displacement and the internal radius of 
the actuators upon pressurization were measured to understand 
the motion kinematics, while the output force was obtained by 
means of a blocked force test. 
 
A. 2D-bending 
The bending angle of the 2D-bending actuator was first 
measured upon pressurization. Experimental data show to be 
closely comparable with both the mathematical and finite 
element models. Results, which are illustrated in Fig. 5(a-b), 
demonstrate a linear relationship between pressure and 
bending angle, while a rapid decay of the internal radius with 
increasing pressure can be observed.  
B. Helical motion: inclination angle 
The angular displacement of actuators capable of helical 
motion was measured for four different inclination angles, 
namely 25ᵒ, 35ᵒ, 45ᵒ, 55ᵒ. In varying the geometry, the surface 
area of each face of the cubes was kept constant, along with 
the height, the length, and the number of customizable cubes. 
The experimental results, which are depicted in Fig. 6 together 
with the mathematical and finite element models, show that 
the angular displacement increases with pressure and with the 
inclination angle. Contrarily, the internal radius of the helix 
decreases with both pressure and inclination angle. Although 
the error between the experimental results and the 
mathematical and FEA models is slightly larger than for the 
2D-bending analysis, similar relationships between the 
aforementioned variables could be confirmed. 
C. Helical motion: cube side length 
The kinematic capabilities of the proposed design were 
further assessed upon variations of the dimensions of the 
customizable cubes. For this purpose, the width of the front 
and back faces of each cube were varied (𝑙 = 0.75cm, 𝑙 = 
1.5cm, 𝑙 = 3.0cm) and measures of the angular displacement 
and the internal radius obtained. In this experiment, all the 
other geometrical parameter of the design were kept constant 
and all the actuators had an inclination angle of α = 45ᵒ. As 
shown in Fig. 7, at a given pressure, the angular displacement 
is larger for wider actuators. However, while a negligible 
change in internal radius was experimentally observed for 
different values of 𝑙, both the physical model and the FEA 
predict a decrease in the internal radius of the helix for 
increasing values of 𝑙. It should be noted that doubling of the 
weight of the actuator as a result of the doubled width (𝑙 = 
3.0cm) magnifies the difference between experimental results 
and the mathematical and finite element models. This, 
together with inappreciable movements of the stand to which 
the actuators are clamped and its inclination, constitutes the 
main source of error.  
 
D. Blocked force test 
 In order to predict the behavior of the actuator under 
payloads, which is paramount to ensure controllability, a 
Figure 7. (a) Angular displacement and (b) internal radius versus pressure 
varying the side length of actuators capable of helical motion. 
Figure 6. (a) Angular displacement and (b) internal radius versus pressure 
varying the inclination angle of actuators capable of helical motion. 
Figure 5. (a) Bending angle, and (b) internal radius versus pressure for 
bending actuators. 
Figure 4. FEA stress and deflection distribution profiles for (a) α=0ᵒ, (b) 
α=25ᵒ, and (c) α=45ᵒ at p = 340kPa. (d) Deflection profile of an actuator 
capable of helical motion (α=45ᵒ at p = 340 kPa). Deformation profile of (e) a 
bending actuator at p = 0, 90, 340 kPa and (f) of an actuator capable of helical 
motion (α=45ᵒ) at p = 0, 165, 340 kPa. 
blocked force test was performed. This was carried out 
measuring the output force in full motion constraint.  
For this purpose, four designs were investigated varying the 
inclination angle and the length of the cube side. Thus, the 
output force was measured for pressures up to 300 kPa for one 
2D-bending actuator (α = 0ᵒ) and two actuators capable of 
helical motion (α = 25ᵒ, α = 45ᵒ) with 𝑙 = 1.5cm, and one 
actuator capable of helical motion (α = 45ᵒ) with 𝑙 = 3.0cm. 
The graph in Fig. 8 shows the output force versus the angular 
displacement as obtained upon mapping of the actuation 
pressure by means of the kinematics analysis described above. 
This effectively provides a measure of the maximum force that 
actuators can withstand at a given position. Firstly, it should 
be noted that, albeit marginally, the output force depends on 
the inclination angle of the cubes as it is greater for larger 
values of α. Secondly, increasing the length of the cube edge, 
thus the width of the actuator, augments the output force, the 
difference being most significant at high pressure. Therefore, 
the width of the front and back faces of the actuator can be 
tuned to achieve different output forces at a given position. 
E. Design variations 
Aside from the helical motion that has been characterized, 
the actuator presented in this work is capable of achieving a 
variety of motion profiles in the 3D-space by solely varying 
the configuration of the inclination angle of the cubes. Three 
variations to the design were made to show customizability. 
The prototypes shown in Fig. 9 and summarized below were 
manufactured by fixing all the other geometrical parameters. 
 A: 45ᵒ, 0ᵒ, 45ᵒ - three cubes per angle, 
 B: 0ᵒ, 45ᵒ, 0ᵒ - three cubes per angle, 
 C: 25ᵒ, 35ᵒ, 45ᵒ, 55ᵒ - two cubes per angle. 
The profiles achieved by each variation to the original 
design were traced using the Vicon system by securing one 
marker on each of the customizable cubes of the actuators and 
recording their position at 0 kPa, 100kPa, 200kPa, and 
300kPa. This is illustrated in Figure 10 (a-c), where the profile 
of the standard design at 300 kPa is included for comparison. 
Analysis shows that several bending modalities can be 
achieved upon combination of 2D- and 3D- bending, the latter 
being further customized by the inclination angle of each of 
the cubes which, as previously demonstrated, dictates the 
angular displacement and the radius of the helix. In summary, 
the geometries of the profiles obtained are as follows: 
 A: helical – simple bending – helical, 
 B: simple bending – helical – simple bending, 
 C: heterogeneous helical motion, 
 Standard design: homogeneous helical motion. 
F. Design optimization  
 It has been shown that the maximum angular displacement 
(337.21ᵒ ± 4.40ᵒ) was achieved by the actuator with inclination 
angle α = 45ᵒ and cube side length 𝑙 = 3cm. While the 
proposed design imposes no limit on the number of geometric 
parameters that could be varied to achieve the required motion 
kinematics, current 3D-printing technology restricts the 
inclination angle to α ≤ 50ᵒ to minimize the overhang, thus 
Figure 9. Variations to design able to achieve different profiles in the 3D-
space: (a) Variation A (20.5 x 1.6 x 2) cm, (b) Variation B (19.3 x 1.6 x 2) cm, 
(c) Variation C (18.5 x 1.6 x 2) cm. 
Figure 10 – Profiles achieved by the variation to the standard design, namely (a) helical-bending-helical profile, (b) bending-helical-bending profile, and (c) 
heterogeneous helical profile at 0, 100, 200, and 300 kPa. The profile of the standard design at 300 kPa is included for comparison. 
Figure 8 – Output force at various poses from blocked force test. 
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risk of printing failure.  
 Design optimization could therefore be targeted by 
increasing the width and the height of the actuator to 
maximize the surface area of the frontal and back faces. This 
would, however, come at the expense of bulkiness which 
could be detrimental in a range of applications. Minimizing 
the wall thickness, the spacing between two adjacent cubes, 
and the cross-sectional area of the air channel connecting each 
pair of adjacent customizable cubes at the base is also believed 
to enhance performance. Furthermore, wherever possible, the 
total surface area of the customizable cubes is to be minimized 
as to reduce overhang during the fabrication process, the 
effects of gravity, and the overall bulkiness of the actuator.  
V. APPLICATIONS 
 The mechanical capabilities and the high degree of design 
customizability demonstrated in the sections above make the 
developed actuator suitable for a variety of applications. The 
usability of actuators capable of helical motion is now briefly 
demonstrated in the fields of object manipulation and 
rehabilitation engineering. 
A. Object manipulation: knob 
Due to their ability to achieve circular profiles, actuators 
capable of helical motion can enhance the quality of rotation 
in object-turning tasks. This is apparent in the case of a knob. 
While 2D-bending actuators can solely strike the handle and 
turn the knob by relying on the torque upon impact, the former 
is able to assist rotation allowing smoother motion. 
This was demonstrated by rotating a 3D-printed solid knob 
with one FSR attached to the handle and connected to an 
Arduino microcontroller. The knob was then rotated by 
rapidly increasing the inflation pressure from 0kPa to 300kPa. 
Comparable designs capable of 2D-bending or helical motion 
(α = 45ᵒ, 𝑙 = 1.5cm) were placed on the sensor and actuated as 
illustrated in Fig. 11(a). Fig. 11(b-e) depicts the relative 
position of the actuator with respect to the knob for the two 
actuator types, before and after actuation. The normalized 
striking force was measured and compared against the 
normalized spinning duration (Fig. 12). The graph clearly 
shows that the time of contact between the knob and the 
actuator is maximized by the actuator capable of helical 
motion, which moves along with the object to be rotated 
(98.67% vs. 20.67%). Instead, it is minimized by the bending 
actuator which strikes the object causing it to rotate unchecked 
and by a smaller angle (89.78ᵒ vs. 150.18ᵒ) than that achieved 
by the actuator capable of helical motion. The data were 
collected for three rotation cycles for averaging. 
B. Object manipulation: gripper 
The ability of our actuators to grasp objects upon 
exploitation of their 3D-bending motion is here demonstrated. 
Indeed, a gripper made with 3D-bending actuators can wrap 
around objects achieving a cylindrical contact profile, which 
results in a more secure grip than that attainable by an equal 
number of 2D-bending actuators. While it has been shown that 
configurations of four 2D-bending SPAs could be made to 
grasp and lift objects [17] [18], we demonstrate the ability to 
manipulate objects of a gripper composed of only two 3D-
printed SPAs. 
For this purpose, we secured two actuators (α = 45ᵒ, 𝑙 = 
3.0cm, 6 customizable cubes) to a simple 3D-printed support 
to grasp, lift, and manipulate ordinary objects. Actuated at 
340kPa, the grip was secure and objects could be successfully 
rotated to any angle and maintained at any position. Fig. 13(a-
c) shows the transferring of water from a bottle, a plastic 
container, and a plastic cup. The task was performed without 
any difficulty and was entirely repeatable. 
 
 
Figure 11. (a) Experimental setup to measure the contact between the actuator 
and the knob during rotation. Contact between (b) an actuator capable of 
helical motion and knob, and (c) bending actuator and knob, before actuation. 
Contact between (d) an actuator capable of helical motion and knob, and (e) 
bending actuator and knob, after actuation.  
Figure 13. Gripping task involving pouring water (a) from a bottle to a container, 
(b) from a container to a cup, and (c) from a cup to a cup, including the average 
diameter and the weight of the objects being lifted. 
Figure 12. Actuator-handle contact during rotation cycle. 
C. Rehabilitation: thumb opposition 
Our 3D-bending actuators have the potentials to aid in 
rehabilitation of the hand, and particularly in thumb 
opposition, which constitutes one of the most exacting 
rehabilitation exercises for individuals with hand disabilities. 
Indeed, due to the complexity of the thumb opposition (TMC) 
joint, most rehabilitation devices exclude the thumb from the 
exoskeleton [31], or limit rehabilitation to flexion/extension 
movements of the four fingers by adopting bending actuators 
only [17] [18]. While the silicon-based soft robotics glove 
developed by Polygerinos et al. [32] [33] successfully targets 
thumb opposition utilizing fiber-reinforced SPAs, the actuator 
presented in this work addresses the same issue, yet provides 
all the manufacturing advantages of 3D-printing technology. 
The physiological path of the thumb during opposition has 
been compared to that achieved by means of an actuator 
capable of helical motion (α = 45ᵒ, 𝑙 = 3.0 cm) using the Vicon 
system as in Fig. 14(a-b). The actuator was secured on the 
dorsal side of the thumb using flexible adaptors, and operated 
three times at 340kPa for each of the three trials performed. 
(72.70 ± 2.57) % of the physiological range of motion (ROM), 
defined as the angle between the tips of the little finger and the 
thumb formed with the CMC (59.27ᵒ), was achieved. Finally, 
Fig. 15 shows that the trajectory traced in the 3D-space agrees 
with the physiological path of the joint during opposition.  
VI. CONCLUSION 
 In this work, a novel design of SPAs based on customizable 
cubes at an angle with the longitudinal axis of the actuator has 
been presented. This was shown to enable 3D-printed SPAs, 
whose motion capabilities were previously restricted to planar 
bending, to achieve several 3D-bending modalities. The 
kinematic behavior of actuators capable of 2D-bending and of 
helical motion was therefore characterized by measuring the 
angular displacement and the bending radius, or that of the 
helix, at different pressures under static conditions. These 
results were validated by both analytical and FEA modelling. 
The output force of different designs at various poses was then 
obtained by means of a blocked force test. The high degree of 
geometry-based customizability was therefore demonstrated to 
be dependent upon the pattern of the inclination angle of the 
customizable cubes and on the surface area of the front and 
back faces. For controlling the angular displacement and the 
bending radius, or that of the helix, these geometric 
parameters are crucial in a variety of applications. Particularly, 
while the angular displacement determines the maximum 
obtainable rotation of a knob, the radius dictates the minimum 
size of the object that can be successfully grabbed and 
manipulated. Finally, for being capable of aiding in thumb 
opposition tasks, the actuator presented in this work has been 
demonstrated to open new possibilities in the field of printable 
wearable soft devices for rehabilitation,  
Future work will focus on improving customizability by 
adopting a modular approach that would let the user adjust the 
inclination angle of each customizable cube to accomplish a 
particular bending profile. We also target actuator 
performance optimization by broadening the spectrum of 
flexible materials suitable for fused deposition modelling 
technology, and by developing new techniques to obviate 
overhang and other sources of printing failure. 
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